Here we show how dynamic nuclear polarization (DNP) nuclear magnetic resonance (NMR) spectroscopy experiments permit the atomic level structural characterization of loaded and empty lipid nanoparticles (LNPs). The LNPs used here were synthesized by microfluidic mixing technique and are composed of ionizable cationic lipid (DLin-MC3-DMA), a phospholipid (DSPC), cholesterol and PEG (DMPE-PEG 2000), as well as encapsulated cargoes which are either phosphorothioated-siRNA (50 or 100%) or mRNA. We show that LNPs form physically stable complexes with bioactive drug siRNA for a period of 94 days. Relayed DNP experiments are performed to study 1 H-1 H spin diffusion and to determine the spatial location of the various components of the LNP by studying the enhancement factors as a function of polarization time. We observe a striking feature of LNPs in the presence and in the absence of encapsulating siRNA or mRNA by comparing our experimental results to numerical spin diffusion modelling. We observe that LNPs form a layered structure and we detect that DSPC and DMPE-PEG 2000 lipids form a surface rich layer in the presence (or absence) of the cargoes, and that the cholesterol and ionizable cationic lipid are embedded in the core. Furthermore, relayed DNP 31 P solid-state NMR experiments allow the location of the cargo encapsulated in the LNPs to be determined. Based on the results we propose a new structural model for the LNPs which features a homogeneous core with a tendency for layering of DSPC and DMPE-PEG at the surface.
Introduction
A challenge in medicine today is the ability to deliver drugs to specific targets, for example, to inhibit cancer cells without damaging the surrounding healthy tissues. 1 Cell membranes are mostly composed of lipid bilayers, and their hydrophobic nature protects the cells from hydrophilic molecules in the extracellular matrix. [2] [3] To achieve cellular internalization of hydrophilic bioactive molecules, many carrier-mediated delivery systems have been proposed. These include for example ionizable cationic lipid DOTMA (N-[1-(2,3-dioley;oxy)propyl]-N,N,N-trimethylammonium chloride) and DLinDMA (1,2-dilonoleyloxy-3-dimethylaminopropane), 4 semiconductor nanocrystals, 5 carbon nanotubes, 6 dendrimers, 7 natural or synthetic polymers, 8 or cell penetrating peptides. [9] [10] However, most of these systems may show clinical side-effects and have not been approved for in-vivo applications or low efficacy because of poor cellular uptake or clearance by the mononuclear phagocyte system. Lipid nanoparticles (LNPs) show the high promise to overcome these disadvantages for drugdelivery of small interfering RNA (siRNA) or messenger RNA (mRNA) since they can form less toxic highly stable complexes between the cargo and the LNP and achieve target-specific cellular internalization and release of hydrophilic bioactive molecules. 2, 4, [11] [12] [13] [14] [15] LNPs are spontaneously formed from amphiphilic and hydrophobic constituents to yield complex multicomponent objects known to span a range from 20 to 100 nm in diameter depending on composition. 16 The cargo molecules are typically drugs such as siRNA and mRNA. 17-18 siRNA inhibits endogenous gene expression in mammalian cells and induces degradation of complementary mRNA. 17 mRNA promotes the right protein expression. 19 Encapsulation of siRNA or mRNA in LNPs prevents their degradation by nucleases and enables penetration and delivery to the target cells.
We also probe the location of the cargo, and can distinguish its location between the core, sub-core or surface of the LNP.
Experimental Section
Synthesis. D 2 O-LNP solutions with concentrations of LNP of 60 mg/mL were manufactured using microfluidic mixing. The nanoparticles were dialyzed overnight in PBS 7.4 in order to remove EtOH and lower the pH, and then concentrated by ultra-spin filtration. The surrounding H 2 O was exchanged to D 2 O during this process by repeated cycling and equilibration. The LNP samples were prepared with pure D 2 O since partial deuteration of the solvent is usually beneficial for DNP and the components of the LNP were fully protonated. With the high concentration of protonated LNP components, this should make the overall proton concentration similar to 90% deuterated water-glycerol solutions that typically provide the highest DNP enhancements. All LNP samples are stored in a 4 °C refrigrator and vortexed or shacked 30 times before use in DNP experiments to prevent aggregation of the LNP.
Dynamic Light Scattering. The mean diameter (Z-Average or number based average) and polydispersity (PDI) of the LNPs was determined using a Zetasizer Nano-ZS (Malvern Instruments Ltd). Dynamic light scattering was performed on diluted samples in 10 mM phosphate buffer at 25°C using a refractive index of 1.45 and an absorption of 0.001 for the LNPs. Data was collected at 173° and the reported diameter is a mean of 3 values. Results are to be found in Supporting information, Table S1 . DNP experiments. All samples were prepared by adding 30 % by volume of cryo-protectant ( 12 C-glycerold 8 ) to 70 % by volume of LNP sample and 12 mM polarizing agent (AMUPol, MW= 726 g/mol). Typically, 20-25 µL of the sample solution described above was transferred using a micro-pipette to a 3.2 mm o.d. sapphire rotors and capped with a silicon plug. Data were acquired at the Ecole Polytechnique Fédérale de Lausanne using 263 GHz/400 MHz Avance I Bruker DNP solid-state NMR spectrometer ( L ( 13 C) = 100.6 MHz, L ( 31 P) = 161.976 MHz) equipped with a 3.2 mm Bruker triple resonance low temperature magic angle spinning (LTMAS) probe and the experiments were performed at ca. 100 K with a 263 GHz gyrotron capable of outputting a 5-10 W of CW microwaves. The sweep coil of the main magnetic field was set for the µwave irradiation occurring at the 1 H positive enhancement maximum of the AMUPol biradical. Following this is the usual spectral acquisition for 13 C, 31 31 P SSNMR experiments used a recycle delay of 1 s at 9.4 T. The proton /2 pulse length was optimized to 2.50 µs providing a 100 kHz proton decoupling. The contact time was 1.4 ms. The spinning frequencies varied between 4 kHz and 12.5 kHz. The CPMAT experiment was acquired un the following conditions: a recycle delay of 1.75s, 336 scans per increment for a total of 112 at 105 K.
DNP enhanced 13 C solid-state NMR. For 13 C NMR experiments, the recycle delays were 1 s. The 1 H /2 pulse length used for the CP experiments was 2,5 µs to afford 100 kHz 1 H decoupling. The contact time was typically 20 ms. The MAS frequency used is 10 kHz.
Spectra were simulated using WSOLIDS. 41 DNP enhancements were determined by comparing the integration of the resonance of interest for the spectra acquired with and without µwave. Numerical spin diffusion models were constructed with MatLab v7.10. (The MathWorks, Inc.). Additional experimental details may be found in the SI.
Results
The studies were carried out on LNPs composed of the four constituents shown in Figure 1 , an ionizable cationic lipid (DLin-MC3-DMA), a phospholipid (DSPC), cholesterol and a pegylated lipid (DMPE-PEG 2000). As described in detail below, 1 H, 13 C and 31 P cross polarization 42 magic angle spinning [43] [44] (CPMAS) experiments were used to probe the various components of the LNPs which are found to have different chemical shifts ( ) and DNP enhancements ( ). 31 P chemical shift anisotropy (CSA) was measured experimentally and interpreted in relation to the electrostatic interaction between LNPs and cargoes, such as siRNA or mRNA. The high sensitivity enhancements offered by DNP enabled the detailed study of frozen LNP solutions with or without encapsulated cargo. Relayed DNP techniques were applied to probe the relative location of the different components in the LNP core, or exterior shell, as well as to probe the position of the cargo. 37 Initial Characterization. Four samples were studied here: native empty LNP (1); LNP containing 50% phosphorothioated siRNA strand (2) or at 100% phosphorothioated (3) and LNP containing mRNA (4). The concentration of each component forming the LNPs is given in Table S2Error ! Reference source not found.. The synthesis as well as the encapsulation of the cargo is described in the supporting information together with size distributions of each sample obtained from DLS. observable by NMR. Also, as expected, the CS tensors of the lipid are the same in the presence or not of siRNA.
Relayed-DNP Measurements. We used relayed-DNP 34, 37 to probe the morphology of the LNPs by estimating the relative position of the different LNP constituents with respect to the LNP surface (i.e., surface or core). Relatively higher DNP enhancements are expected for components located at the surface as they are easily hyperpolarized due to their proximity to the radical solution, and lower values will be observed for groups buried inside the LNP core, because polarization is lost during diffusion of polarization from the surface to the inside of the LNP domain. [33] [34] 39 In the LNP systems 1, 2, 3 and 4 the enhancement values obtained are relatively small for the LNP components ( 21-55) when compared to the enhancement factor of the radical solution ( 100, see SI for complete details on measurements). This difference in the enhancement value is a clear indication that the LNPs are a heterogeneous system polarized through 1 H-1 H spin diffusion 37 from the radical containing solution located outside the LNP domains.
The experimentally observed 13 C and 31 P signal buildup curves as a function of the polarization time are shown for empty and loaded LNPs in the supporting information. The build-up curves were fit with stretched exponential functions (see Equation 1) to the values given in Tables S8-S12. The observed stretching parameters are different from 1, which is also consistent with a model of relayed polarization transfer into the particle. [33] [34] Figures S6-S15 (see SI) shows the measured for 13 C and 31 P resonances of the different components as a function of polarization delay for LNP samples 1, 2, 3, and 4. Apart from the first point, the enhancement is found to be constant as a function of polarization delay for each component, which is consistent with the expected (small) size of the LNPs (~50 nm), which means that they are polarized very rapidly.
Discussion
Proposed model structures for the lipid nanoparticles. No conclusion on atomic level organisation of LNPs has been reached yet. We have considered the following three possible models (see Scheme 1), as follows.
Multilamellar vesicle model. 21, 26 The multilamellar vesicle model includes concentric layered rings such that the exterior surface is formed of DMPE-PEG, cholesterol, DSPC and DLin-MC3-DMA. Within this exterior shell is a layer of water containing the cargo. The bilayer of lipids is then repeated, alternating with the water/cargo layer.
Nanostructured core model. [23] [24] The nanostructured core model presents a hydrophobic core with a surface monolayer formed of a polyethylene glycol lipid. The hydrophobic core is formed of inverted cationic lipids that are separated by asymmetric water pores formed during LNP synthesis, along with homogeneously dispersed cholesterol and DSPC. Computer modeling suggests that no cargo such as siRNA is present inside the water cavities and predicts that the cargo interacts with the cationic lipid interface as well as with the lipids at the inner surface. 23 Homogeneous core shell. This model has the surfactant components (DMPE-PEG, DSPC, DLin-MC3-DMA, and cholesterol) homogeneously dispersed throughout the particle, with a thin shell, and the interior being made up of small evenly dispersed inverted micelles throughout the domain. The inverted micelles form small water pockets. The cargo is homogeneously dispersed throughout the structure.
The multilamellar vesicle model to describe the structure of cargo/LNP systems has been ruled out by cryo-TEM, density measurements and molecular modeling. 24 Cryo-TEM demonstrates the presence of hydrophobic cores inside the LNP, because the electron density increases when compared to the liposome system. 24, 51 Modeling of Relayed DNP. The small measured enhancement values ( 21-55, SI) at long polarization times and rapid relaxation build up times with microwave irradiation on ((T B, on ) 1-2.5 s are consistent with particle diameters of less than 100 nm ( 36-53 nm, SI). Two models which represent the possible extreme cases of the LNP structure, homogeneous or layered domain, are compared by numerical proton spin diffusion simulations. The structures are shown in Scheme 2. Figure 4 compares the best fits between the experimentally observed averaged enhancement ( ) and the predictions of the numerical simulations for Model I and II. Note that for the simulations, we consider polydispersity of the LNP size, as measured by DLS. We also assume that the spin diffusion constants (D) inside the LNP and in the LNP layer (in the case of model II) are lower (D in 10 -4 µm 2 s -1 ) than outside in the radical solution (D out = 1·10 -3 µm 2 s -1 ). The lower spin diffusion 
1.1.Characterisation of the LNPs

1.2.Explanation of how the particles do not aggregate at low temperature.
We have strong evidence that LNPs do not undergo irreversible aggregation at 100 K. In order to be confident that the LNPs would endure the experimental conditions of the DNP SSNMR measurements, e.g. quenching down to 100 K, a repeated freeze-thaw cycle test was performed. A cryo-protectant, 30 vol% glycerol (UltraPure Glycerol from Invitrogen by Thermo Fisher Scientific), was added to a sample and the sample was then instantly frozen by immersion in liquid nitrogen, thawed and DLS was performed. This procedure was repeated and showed that the freeze-thaw cycles did not have an effect on the particle size and PDI as monitored by DLS (results not shown here) and there seemed to be no risk of freeze induced aggregation of the LNPs. Hence, the LNPs (with and without cargo) size measured by DLS is the same before and after quenching at 100 K. In addition, the LNPs were stable still after 48 hrs when their size distributions and PDI were remonitored by DLS. These finding are supported by cryo-TEM images which show no sign of the LNPs aggregating before and after quenching. Furthermore, our DNP results support that
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LNPs do not aggregate. If the LNP had aggregated, the numerical spin diffusion simulations would have predicted their domain size to have increased which would not be in agreement with the LNP size measure from DLS measurements, and much lower enhancement for the LNP component would be predicted. Table S2 ). The siRNA was a 25 nucleotide duplex strand and obtained from Dharmacon. The siRNA had a 0%, 50% or 100% phosphorothioated backbone. The mRNA used was Erythropoietin (EPO) (858 nucleotides) ARCA capped modified with 5-methylcytidine and pseudouridine (TriLink Biotechnologies). The empty LNPs, i.e. no xRNA load, were prepared using 100 mM citrate buffer as the aqueous phase. All samples were stored at 4-8°C.
1.3.Preparation of LNPs and DNP samples
DNP sample preparation. The LNP samples were prepared with pure D 2 O since partial deuteration of the solvent is usually beneficial for DNP and the components of the LNP are fully protonated (see above). We estimate the overall proton concentration of the LNP formulations to be similar to the 90% deuterated water-glycerol solutions that typically provide the highest DNP enhancements. Typically, 50 µL of 12 C-glycerol-d 8 was transferred to an Eppendorf vial (the actual volume of glycerol is accurately determined by weigh, = 1.25 g/ml). 70% by volume of the LNP-D 2 O dispersion is then added to the glycerol to obtain a solution of 12 , where S/N on or off is the signal to noise ratio for microwaves on and off. Table S4 .
An external reference, 98% enriched 13 C=O-acetate, was added to compound 2 to verify the enhancement of the radical solution. An external reference is necessary in order to measure a 13 C resonance which corresponds to the radical solution because the glycerol used is depleted as well as deuterated ( 12 C-glycerol-98%d 8 ) in order to observe the carbon resonances of the LNP components in the 40-80 ppm region. The proton spectrum is not resolved enough to distinguish between the LNP components and the radical solution only. Figure S3 (b) shows the spectrum of 2 with the addition of the external reference, and in (b) the spectrum of 2 acquired four months later without the addition of acetate. The spectrum was acquired later in order to verify that the addition of an external reference did not affect the LNP spectrum. The spectra for 2 acquired with and without acetate have constant chemical shifts which confirms that the addition of acetate does not affect the integrity of the LNP. The enhancement value for the components of the LNP were low and equal to 11 (6) with and without acetate. Furthermore, the enhancement measured on acetate is equal to 98 for sample 2 containing acetate. The higher enhancement of acetate compared to the LNP components shows that it is in proximity to the radical and hence it is located outside the LNPs domain. Furthermore, the value of the acetate in the radical solution is in agreement with the enhancements measured in the proton NMR spectra for the radical solution. a Error bounds are given in parentheses, and average enhancement value at long polarization time. Errors in the isotropic chemical shifts are the width at half height of the resonance. (7) 30 (1) a see note Table S7 . 
2.2.Spin Diffusion Numerical Model
The proton-proton dipolar coupling dynamics such as spin diffusion simulations were performed using the MATLAB software. The classical diffusion model is used and is previously described in detail by Schlagnitweit et al. 2 , Rosssini et al. 3 , or Pinon et al. 4 If we assumed that polarization dynamics follows the same behavior as thermal transfer, the process may be described by classical diffusion process, the 2 nd Fick law:
with the following initial and boundary conditions:
where x is the distance from the center of the LNP in m, x o is the position at the extremity of the system, t is the time in seconds (0 < t < ), P and P 0 is the spontaneous and local equilibrium polarization, respectively, D is the diffusion rate constant at point For the LNPs, the size distribution measured by DLS measurements is reproduced using a Weibull distribution (see Figure S6 (a) ). The spin diffusion behavior is simulated for all size distribution ( Figure S6 (b) ). Next the sum of the weighted enhancements as a function of polarization delay is the best fit and is shown on the final figures ( Figure S6 (c -d) ). The same steps are followed for the buildup curves. All experimental parameters used for the modelling are Table S1 ) using the Weibull distribution which depends on the parameter (max, width); spatial steps are used for the numerical simulation (#steps); number of points (t max ) are calculated for the numerical simulation in a number of steps (t steps ); the enhancement of the radical solution ( sol ), the intrinsic T 1 (spin-lattice relaxation at 100 K without radical) of the LNP components (T 1,in ) and the build-up time of the DNP matrix (T 1,out ). The hyperpolarization (pol) and depolarization (dePol) through the radical solution and core are simulated, a hysteresis slope (slope) is used to model the passage between the exterior toward the inside of the domain. parameter is optimized (D in ) iteratively until the minimum value is found. The spin diffusion coefficient inside the LNPs is expected to be different than the value found outside the LNP domain. The numerical spin diffusion model II aims to mimic a lipid layer at the surface of the LNP such as suggests the nanostructured core model. Model II simulates a layer core shell model were the polarization located in the layer and in the core, are integrated separately, and the entire sphere is integrated to provide the value of the sub-core. Model II provides different enhancement values for the various components depending on their spatial location; the values for the components at the surface will be higher than the value for the components located at the core. For the numerical spin diffusion simulations of model II, three parameters are optimized iteratively S20 until the minimum values are found (cycles are performed), the spin diffusion coefficient inside (D in ) and in the layer (D lay ) of the LNPs as well as the layer length (L). It should be noted that the spin diffusion models systematically fit the experimental build-up curves inversely, i.e. the simulated build-up waves on are fit to the observed waves off data and vice versa. We believe this is a consequence of the large errors of the waves off build-up curves due to low S/N and small T B values that are close for waves on and off. 
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r2, dr, are the radius for dry LNP (absence of water inside), LNP with 20 % water inside, 5 radius surrounding the water which corresponds to the assumption of electrostatic interactions used in COSMO solvation models, respectively. V1, V2, Vw and Ni correspond to the volumes for dry LNP (absence of water inside), the volume of LNP with 20 % water inside, volume of the water and the number of water pools. MATLAB script to calculate the relationship between the internal LNP volume and number of water pools, and the plots are shown in Figure S17 . The calculation shows a clear decrease in internal volume as a function of number of increasing water pools inside the LNP ( Figure S15 ). This might justify our belief that DSPC becomes surface enriched when encapsulating hydrophilic cargoes as it has less volume to occupy inside the LNP. 
